Background: Knee injuries are common and result in extended time missed from sports participation. Little is known regarding the comparative characteristics of recurrent versus first-time anterior cruciate ligament (ACL) injuries sustained during athletic events and how they are influenced by sex, sports participation level, and game-time features.
years who return to sports exhibit a reinjury rate of 23% 43 and are at 6 times greater risk for subsequent knee injury compared with uninjured athletes. 31, 32 Young age, exposure to risk via high activity level, and use of allograft all contribute to the risk of subsequent injury after an initial ACL reconstruction. 17 In young athletes, prevention of secondary injury is paramount, especially in those who are exposed to continued risk because of competitive sports. Revision ACL reconstruction for patients with failed primary reconstruction results exhibit even worse functional outcomes, 7, 12, 16, 35 especially in adolescent patients. 5 Prior research has aimed to understand the risk of primary 40 and secondary 4, 43 ACL injuries in young competitive athletes. Population-based studies using the National Collegiate Athletic Association (NCAA) Injury Surveillance Program (ISP) and National Athletic Treatment Injury and Outcomes Network (NATION) databases have been instrumental in describing the distribution and potential determinants of lower extremity injury in adolescents and young adults, leveraging the existing infrastructure for injury and exposure tracking in high school and college athletes. 6, 37 The purpose of the study was to compare the factors associated with recurrent and new ACL injuries for collegiate and high school athletes in American high school and NCAA schools. We hypothesized that the factors associated with recurrent injuries will differ from those associated with first-time injuries.
METHODS
This study described and compared recurrent versus new ACL injuries captured in the data from the NCAA ISP from 2009-2010 through 2016-2017 and the NATION from 2011-2012 through 2013-2014. The methods for the NCAA ISP 23 and NATION 10 have been described elsewhere. Both the NCAA ISP and NATION are prospective ISPs using a convenience sample of varsity teams from 25 NCAA championship sports and 27 secondary school sports, respectively. The NCAA ISP data collection was approved by the research review board of the NCAA, and the NATION data collection was approved by the Western Institutional Review Board.
Data Collection
Athletic trainers (ATs) recorded injury and exposure data via their preferred electronic medical record system. They completed a report on injury circumstances, including circumstances that may be associated with recurrence status: sex, competition level (NCAA or high school), sports, season (preseason, regular season, or postseason), mechanism of injury, event type (competition vs practice), and stage in the competition when the injury occurred. ATs also reported information about the injury itself, including whether it was a recurrent injury. Common injury and exposure data elements from the electronic medical record systems were stripped of any identifiable information and exported to a verification engine specific to the ISP. Automatic and manual checks were performed to ensure highquality data.
Definitions
A reportable injury in both the NCAA ISP and the NATION was defined as an injury that occurred because of participation in an organized collegiate or high school practice or competition and that required attention from an AT or physician. Only injuries during team-sanctioned practices and competitions were included; individual weight lifting and conditioning sessions were excluded. This study included all injuries for which the diagnosis was recorded as "Anterior Cruciate Ligament (ACL) Tear -Partial Or Complete" and resulted in time loss of at least 7 days, regardless of the surgery status.
A recurrent injury was one in which the AT selected that the injury was "recurrence of an injury earlier in the current academic year" or "recurrence of an injury from a previous academic year." Data on whether the injury was contralateral or ipsilateral were not collected.
A first-time injury was one in which the AT selected that it was a "new injury."
Sports contact level was based on the American Academy of Pediatrics sports contact level classifications. 34 Sports were categorized into 3 groups: football, all other collision and contact sports, and limited/noncontact. Time in competition was dichotomized into "early" in the competition (warm-up, halftime or earlier, preliminaries, game/set 1 or 2, innings 1-3, or first period) and "late" in the competition (after halftime, finals, game/set 3-5, innings 4-9, second period, third period, overtime, or cool down), based on the sport the student-athlete was playing at the time of the injury. This information was available only about injuries occurring during competitions; the NCAA ISP and NATION do not collect time in practice in which an injury occurred and do not collect individual timebased exposure data.
Statistical Analyses
We calculated the number and proportion of new and recurrent ACL injuries with variables that may be associated with recurrence risk (described above). Logistic regression was used to estimate the odds ratios (ORs) and 95% CIs for recurrent versus first-time ACL injury, and the data were analyzed according to injury mechanism: noncontact, overuse, or surface contact. Additional analyses compared the odds of recurrent injury between "early" and "late" in the competition. Owing to the large number of football injuries in the data set, we ran sensitivity analyses excluding football in order to evaluate whether football injuries influenced the results. The alpha level was set at P < .05.
RESULTS
A total of 705 ACL injuries were reported: 644 first-time injures (91.3%) and 61 (8.7%) recurrent injuries. The majority of first-time injuries were in male athletes, whereas the majority of recurrent injuries were in female athletes; the majority of first-time injuries were during competition, whereas the majority of recurrent injuries were during practices (Table 1 ). However, the odds of sustaining a recurrent injury were not significantly different when comparing event type (competition vs practice) (OR ¼ 0.64; 95% CI, 0.32-1.27; P ¼ .83). Figures 1 and 2 summarize the ORs calculated from multivariate regression analyses.
When examining the factors using multivariable logistic regression, the only characteristic that was statistically significantly associated with recurrent versus first-time injury was competition level: The odds of recurrent injury in NCAA student-athletes were 4.6 times that of high school student-athletes (OR, 4.63; 95% CI, 1.41-15.24; P ¼ .01) ( Figure 1 ). Sex, sports contact level, playing season, mechanism of injury, and event type were not statistically significantly associated with odds of sustaining a recurrent injury compared with a first-time injury.
When restricting to only injuries due to noncontact mechanisms, the competition level (P ¼ .02), sports contact level (P ¼ .01), and playing season (P ¼ .02) were all associated with the odds of sustaining a recurrent versus new injury ( Figure 2 ). Regarding competition level, the odds of recurrent injury in NCAA student-athletes were 11 times that of high school student-athletes (OR, 10.76; 95% CI 1.42-81.43). When examining sports contact level, the odds of recurrent injury in student-athletes playing football were 88% less (OR, 0.12; 95% CI, 0.03-0.45) and the odds for student-athletes in other contact/collision sports were 65% less (OR, 0.35; 95% CI, 0.15-0.82) than the odds for student-athletes playing limited-contact or noncontact sports. Finally, regarding playing season, the odds of recurrent injury in the postseason were 4.5 times the odds in the regular season (OR, 4.45; 95% CI, 1.04-19.03), and the odds of recurrent injury in the preseason were 2.8 times the odds in the regular season (OR, 2.79; 95% CI, 1.09-7.18). Sex and event type (ie, competition vs practice) were not associated with odds of sustaining a recurrent versus first-time injury.
When restricting to competitions only (ie, removing injuries during practices), no factors were associated with recurrent versus first-time injury. When restricting to only injuries because of noncontact, surface contact, or overuse mechanisms during competition, there were also no factors associated with recurrent versus first-time injury. Sensitivity analyses excluding football slightly changed the ORs but did not affect significance.
DISCUSSION
The purpose of this study was to compare recurrent to first-time ACL injuries based on sex, athletics level, and game time. As a descriptive study, the goal was to summarize patterns of recurrent ACL injuries compared with first-time injuries. Of the ACL injuries reported, 8.7% were recurrent injuries; however, when restricted to noncontact, surface contact, and overuse mechanisms, 12.2% were recurrent injuries. These injuries were reported by athletic training staff as recurrent injuries; therefore, we assumed that these injuries described graft failures in the ipsilateral limb. The recurrent injury proportions reported in this study are greater than reinjury rates previously reported 18, 42, 44 ; however, the proportions were similar to the reported pooled ipsilateral reinjury rate for patients younger than 25 years. 42 Young athletes, both in high school and college, tend to have better strength and patient-reported outcomes at 6 months postoperatively compared with the general, noncompetitive athlete ACL reconstruction (ACLR) population. 26 The high rate of reinjury in young athletes may be attributed to risk exposure and the timing from index surgical procedure to the point where the athlete is released to unrestricted sports activity. The high rate of graft failures also increases the risk of posttraumatic osteoarthritis, 14 suggesting that sports medicine professionals working with youth athletes after primary ACLR should use caution when returning an athlete back to sports to minimize the risk of secondary injury and long-term consequences such as the development of osteoarthritis. It may be advantageous for athletes to continue rehabilitation and delay return to sports beyond satisfactory patient-reported outcomes and strength measures. 30 Activity level has been previously identified as a risk factor in primary ACL injuries, with higher activity level associated with increased risk of injury. 3, 21 Activity level was also identified as a risk factor in the current study; NCAA athletes had 4.6 times the odds of the ACL injury being recurrent rather than new compared with high school athletes. This may be for a variety of factors, including age of primary injury and increased exposures. Most primary ACL injuries occur when athletes are between 15 and 18 years old, 39 suggesting that if a primary injury occurs during high school, athletes who return to sports after 6-12þ months of rehabilitation may have graduated from high school and can only play at the collegiate level. Increased exposures in college sports may also be associated with increased risk of injury; however, greater athlete-exposures have been reported in high school athletes compared with college athletes, which is likely because of the greater number of athletes in the high school setting. 3, 36 Therefore, if exposures were the only factor in injury rates, we would assume that high school athletes would have higher odds of recurrent injury compared with college athletes.
Along with increased competition level, female sex has been identified as a main risk factor for primary noncontact ACL injury. 3, 37 After injury and subsequent reconstruction, female patients tend to have worse outcomes compared with male patients. 24, 38 Despite decreased patient-reported outcomes and inability to return to sports for many women after ACLR, there was no sex-based difference in recurrent injuries Only includes injuries that occurred during a game for which it was known when the injury occurred (24 recurrent injuries; 197 new injuries due to noncontact mechanisms; 18 recurrent injuries due to noncontact mechanisms). "Early" ¼ warm-up, halftime or earlier, preliminaries, game/set 1, game/set 2, innings 1-3, first period; "Late" ¼ after halftime, finals, game/set 3, game/set 4, game/set 5, innings 4-9, second period, third period, overtime, cool down. compared with new injuries in the current study. Although women are at increased risk of primary injury, our results suggest that this risk is no different for recurrent when compared with new ACL injuries. Sports medicine professionals working with college athletes should therefore consider injury history as the predominant risk factor when designing neuromuscular training and rehabilitation programs.
Event type (competition vs practice) was not associated with significantly different odds of sustaining recurrent compared with new injuries in this data set, despite a trend toward more first-time injuries occurring during competition (60.1%) and more recurrent injuries occurring during practice (57.4%). This may be because of the overall small number of recurrent injuries (n ¼ 61). This finding may 
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Trends in Recurrent ACL Injuries 5 pave the way for an area for future research with a larger database of recurrent injuries, ideally a database with individual-based exposure time so that rates of recurrent versus new injuries could be compared rather than odds. Fatigue is often considered a risk factor for ACL injuries during games. 9, 33 There are a plethora of data to support that neuromuscular control and mechanics change with fatigue; however, these changes may not necessarily increase the risk of ACL injury. Although video analyses of ACL injuries have confirmed that reduced knee flexion and valgus stress are typical mechanisms of injury, 15, 19 injuries tend to mostly occur early in games, 15 suggesting that these altered mechanics are largely unrelated to fatigue. The findings in the current study suggest a similar trend in recurrent injuries, with 67% of all reported recurrent injuries occurring early in games. However, only 24 of the 61 recurrent injuries in the database included the time in the game when the injury occurred, limiting our ability to analyze this variable. Additionally, the surveillance programs do not track individual time-based exposure, so these analyses assume that student-athletes who have not had a previous ACL injury have similar exposure to student-athletes who have had a previous ACL injury.
Along with the trend for more recurrent injuries to occur early during a game, for injuries due to noncontact, surface contact, or overuse mechanisms, the odds of recurrent injury compared with new injury during preseason were 2.8 times that of regular season. This could be because of several reasons, including inadequate physical preparation at the beginning of the season, increased training load during preseason without recovery, and reduced or asymmetrical strength and flexibility at the beginning of the season. 25 Implementing neuromuscular training during the preseason and encouraging dynamic warm-ups before games may reduce the risk of injury early in season and during games. 13, 27 The odds of recurrent injury compared with new injury for injuries because of noncontact, surface contact, or overuse mechanisms were higher during postseason compared with regular season (OR ¼ 4.45). To our knowledge, this is the first study to compare recurrent injury risk during 3 separate times of the season (preseason, regular season, and postseason) rather than combining the regular and postseason. 11 Increased risk of recurrent injury during postseason implies slightly different risk factors for recurrent injuries compared with primary injuries, which occur most often during regular season across all collegiate divisions. 20 Postseason often requires a different type of play, such as increased number of minutes played 41 and increased perceptual strain during similar work, 28 which may heighten the risk of recurrent ACL injury. Sports performance and medical staff may need to consider injury history during postseason.
Although these data represent a large sample from a wide range of schools across the country, enabling collection of outcomes that may be considered an infrequent injury at a single site, there are a few limitations in the current study. All injury mechanisms and sports were included in primary analysis, which was weighted heavily with football injuries, which may have influenced the results, although our sensitivity analysis excluding football did not affect significance. Another limitation was the small sample of recurrent injuries in this database. These databases are limited to participating high schools and colleges and are limited to programs with ATs. Future investigations examining sex differences in the injury rate and sports participation level should be examined over a longer period to include more recurrent injuries. Because these surveillance systems are not traditional longitudinal studies, many of the recurrent injuries were in different student-athletes than the new injuries. Therefore, our conclusions about factors associated with recurrent injury are limited to comparisons against the characteristics of new injuries.
These databases also do not allow for contralateral and ipsilateral comparisons; however, we assumed that the recurrent injuries reported in this study are largely ipsilateral graft failures because of being labeled a "recurrent" injury by ATs, while an ACL injury to the contralateral side may be labeled as "new." We cannot guarantee that the injuries reported in this study were not a mixture of ipsilateral and contralateral injuries. It may be beneficial to improve clarity in the databases in the future for ATs to identify which limb was injured. We also cannot assume that all recurrent injuries were surgical. We controlled for included injuries the best we could by excluding all injuries with less than 7 days of lost activity time. Last, the injuries in these data likely represent a range of surgical techniques and rehabilitation protocols. Although we do not have information regarding graft type or rehabilitation length and compliance, the participants included in this study represent a specific group of patients who returned back to a high level of sports after ACLR, which is the primary goal of a rehabilitation program regardless of the length or the program design.
CONCLUSION
NCAA athletes had 4.5 times the odds of recurrent injury compared with high school athletes; however, there were no differences between sex and time of injury (late vs early in the game) despite a trend toward more recurrent injuries early in the game. These data suggest that factors associated with recurrent ACL injury differ from those associated with new ACL injury.
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